Background {#Sec1}
==========

Cardiovascular diseases (CVD) have been threatening human's life for a long time all around the world, which could lead to 23.3 million deaths by 2030 according to the report from World Health Organization \[[@CR1]\]. In China, there are more than 290 million patients with established cardiovascular diseases, and the mortality keeps rising \[[@CR2]\]. Tens of billions of dollars have been spent in CVD management with limited effect. Despite traditional risk factors such as smoke, hypertension, hyperlipidemia, and diabetes \[[@CR3]\], increasing evidence identified mental stress as a crucial risk factor in the development and progression of CVD \[[@CR4]\]. Researchers discovered that mental stress induced in the laboratory (e.g. mental arithmetic, public speaking, et al.) contributed to myocardial ischemia, which could be assessed by echocardiography, electrocardiogram, or SPECT (single photonemission computed tomography) \[[@CR5]--[@CR7]\]. The prevalence of mental stress induced myocardial ischemia (MSIMI) ranges from 50 to 70% in patients with coronary artery diseases (CAD) \[[@CR8]\]. Compared with patients without MSIMI, patients with MSIMI have double risk of adverse cardiac events \[[@CR8]\].

However, the mechanisms of MSIMI remain uncertain. Previous studies showed that emotional status such as the trait and state of anger \[[@CR5]\], anxiety \[[@CR6]\], depression \[[@CR7]\] could have great impact. Potential mechanisms may involve inflammatory responses, cortisol responses, fibrinogen responses, coagulation system, hypothalamic pituitary adrenal (HPA) \[[@CR9], [@CR10]\]. Hammadah et al. \[[@CR11]\] linked cardiac biomarker with MSIMI, presenting that patients with MSIMI had higher level of resting cTnI. However, various factors such as sex, race, disease history, and drug history, and multiple types of mental stress, diagnostic techniques, and diagnostic measurements increase the complexity and heterogeneity in the assessment of MSIMI. Therefore, we performed this meta-analysis and meta-regression in an effort to explore the potential mediators of MSIMI.

Methods {#Sec2}
=======

Article selection strategy {#Sec3}
--------------------------

This meta-analysis had been registered in PROSPERO (CRD42020162822). We conducted the present meta-analysis by searching PubMed, Embase, Web of science, China National Knowledge Infrastructure (CNKI), and Wanfang website through 1 Feb 2020, with key words "mental stress", "psychological stress", "myocardial ischemia", "mental stress ischemia", "mental stress induced myocardial ischemia", "MSIMI".

Inclusion criteria: (1) Prospective cohort study or cross-sectional study; (2) English or Chinese language; (3) Patients with coronary artery disease; (4) Full articles were able to be found; (5) The data were eligible to be extracted; (6) Articles with high or medium quality.

Exclusion criteria: (1) Articles with repeated data from the same study project; (2) Mental stress tasks followed exercise stress at the same day, which might implicated that myocardial ischemia could be induced by exercise stress rather than mental stress.

Article selection steps {#Sec4}
-----------------------

Three authors focused on selecting the proper articles in nearly 1 month. There were four steps in article selection and data extraction. First, the authors read the titles and excluded those unsuitable; Second, they read the abstracts and included those articles in the scope of our research; Third, they downloaded the articles with full text through the internet or our country library; Fourth, they read all articles, extracted necessary data for this study, and excluded articles without qualified data. Agreement must be reached among three authors to process the data.

Quality assessment {#Sec5}
------------------

The quality of the cross-sectional studies was assessed by Crombie tool \[[@CR12]\]. According to the scores, the article was classified into Grade A (6.0--7.0 points), Grade B (4.0--5.5 points), Grade C (\< 4 points). Articles with Grade A were regarded as high quality, Grade B as moderate quality, and Grade C as low quality. The quality of the prospective cohort studies was assessed by Newcastle-Ottawa Scale (NOS) \[[@CR13]\]. Articles with seven to nine stars were estimated as high quality, five to six stars as medium quality, and zero to four stars as poor quality. Articles with high or medium quality were included in the present study (Table [1](#Tab1){ref-type="table"}).Table 1The characteristics of the articlesNo.First authorPublication dateCountryStudy type (follow-up)mental stressDiagnostic techniqueDiagnostic criteriaSexAge (years)Total sampleMSIMIScores of Crombie/NOSArticle quality1Akinboboye2005USACross-sectional study (No)Anger recallMental arithmeticSPECTMPDMaleFemale62.82 ± 8.71^a^61.63 ± 7.99^b^58175Moderate2Babyak2010USAProspective cohort study(5.9 years)Public speakingMirror traceRNVLVEF decreaseMaleFemale62.5 (55.8, 71.2)^a^60.0 (51.2, 69.0)^b^62.0 (55.0, 70.0)^c^138269 starsHigh3Burg2009USACross-sectional study (No)Ager recallSPECTMPDMaleFemale66.2 ± 9.7^a^64.9 ± 6.9^b^65.9 ± 8.9^c^68226High4Carels1999USACross-sectional study (No)Mental arithmeticPublic speakingMirror tracingReadingType A structured interviewRNVAmbulatory ECGWMAST depressionMaleFemale58.5 ± 8.4^c^136796High5Hammadah2017USACross-sectional study (No)Public speakingSPECTMPDMaleFemale62.9 ± 9.1^c^6601066High6Hassan2007USACross-sectional study (No)Public speakingSPECTMPDMaleFemale64 ± 9^c^182386High7Hassan2009USACross-sectional study (No)Public speakingSPECTMPDMaleFemale64 (mean)^c^211346High8Jiang2013USACross-sectional study (No)Mental arithmeticMirror traceAnger recallEchocardiographyLVEF decreaseWMAMaleFemale63.35 ± 10.33^a^63.63 ± 10.73^b^63.81 ± 10.48^c^3071346High9Krantz1991USACross-sectional study (No)Mental arithmeticStroop color-word taskPublic speakingReadingRNVWMAMaleFemale59.1 ± 11.3^a^60.2 ± 11.4^b^39235Moderate10Krantz1999USAProspective cohort study(3.5 years)Mental arithmeticPublic speakingEchocardiography RNVWMAMaleFemale58 ± 10^c^79285Moderate11Liu2019ChinaCross-sectional study (No)Mental arithmeticEchocardiographyLVEF decreaseMaleFemale60.2 ± 9.7^a^59.8 ± 10.2^b^60.1 ± 9.8^c^82166High12Shah2006USACross-sectional study (No)Anger recallSPECTEchocardiographyMPDWMAMaleFemale67.2 (mean)^a^66.0 (mean)^b^83306high13Sheps2002USAProspective cohort study(4.3--6.0 years)Stroop color-word taskPublic speakingRNVECG/Ambulatory ECGST depressionLVEF decreaseWMAMaleFemale62.6 ± 8.1^a^62.8 ± 9.1^c^182779 starsHigh14Soufer2016USACross-sectional study (No)Mental arithmeticSPECTMPDMaleFemale65.6 ± 9.0^c^161646High15Specchia1984ItalyCross-sectional study (No)Mental arithmeticECGST depressionMaleFemale50.5 ± 7^c^111206High16Stepanovic2012SerbiaCross-sectional study (No)Mental arithmeticAnger recallEchocardiographyWMAMaleFemale52 ± 8^c^79486High17Vaccarino2014USACross-sectional study (No)Public speakingSPECTMPDMaleFemale50 (mean)^c^93366High18Vaccarino2018USACross-sectional study (No)Public speakingSPECTMPDMaleFemale50.5 (mean)^c^306506High19Wong1997AustraliaCross-sectional study (No)Mental arithmeticStroop color-word taskReadingPublic speaking Competitivecomputer gameECGST depressionMaleFemale61 ± 9^c^3545Moderate20York2007USACross-sectional study (No)Public speakingSPECTMPDMaleFemale63 ± 8.58^c^154506High*MPD* myocardial perfusion defects, *WMA* wall motion abnormality, *LVEF* left ventricle ejection fraction, *RNV* radionuclide ventriculography, *ECG* electrocardiography, *MPD* myocardial perfusion defects, *SPECT* single photon emission computed tomography^a^The average age of patients without MSIMI^b^Thea average age of patients with MSIMI^c^The average age of total patients

Data extraction {#Sec6}
---------------

The data were extracted by two researchers separately and reached agreement after consultation. The following data were extracted: first author; publication date; country; total sample size; the sample of patients with MSIMI; study type; mental stress; diagnostic methods; scores of Crombie/NOS; article quality. All the data were presented in Table [1](#Tab1){ref-type="table"}.

Diagnostic methods of MSIMI {#Sec7}
---------------------------

Mental stress: Participants received one or more than one type of mental stress for 5 min, involving the most common types: mental arithmetic, public speaking, mirror trace, Stroop color word task, and several other uncommon types of mental stress (such as reading).Diagnostic techniques: Several techniques were adapted to evaluate cardiac function before and after participants went through mental stress, such as electrocardiogram (ECG), echocardiography, single photon emission computed tomography (SPECT), ventricular function monitor, radionuclide ventriculography (RNV).Diagnostic criteria: Researchers have developed 4 criteria to diagnose MSIMI, including left ventricular ejection fraction (LVEF) decrease ≥ 5% or 8%, new or worsen wall motion abnormality, myocardial perfusion defect, ST depression ≥ 0.1 mV. Any of the four criteria could be adequate to diagnose MSIMI.

More details about diagnostic methods were shown in Table [2](#Tab2){ref-type="table"}.Table 2The details of diagnostic methodsDiagnostic methodsTypesDetailsMental stressMental arithmeticParticipants were required to complete a series of mathematical calculation, for instance, to subtract 7 from a 4-digit number in 5 min as quickly as possible, at the same time, they would receive encouragement or discouragement from the investigatorsPublic speakingParticipants were asked to give a speech on a topic given by the investigators, and they had 2 min to prepare and 3 min to deliver the speech. They were told that their speech would be recorded and evaluated by the investigatorsMirror traceParticipants were instructed to outline the shape of a star from its reflection in a mirrorStroop color word taskParticipants were showing a series of slides which displaying the written word of a non-matching color (e.g. the word green in blue color)Anger recallParticipants were asked to recall a recent annoying event which made them feel angry, upset, irritated, frustrated, then described the situation and feeling to the investigators in detailsReadingParticipants were asked to read a passage given by the investigators, such as neutral passage, in front of the investigatorsType A structured interviewParticipants underwent a standard videotaped interview to assess type A behavior which might last 20 minCompetitive computer gameParticipants were asked to play a kind of computer game, which might elicit threat, uncertainty, and avoidance.Diagnostic techniquesSPECT\[99mTc\] sestamibi SPECT was used to acquire myocardial perfusion imaging at rest and during mental stressRNVR-wave synchronized, multiple-gated RNV was conducted with a gamma camera positioned in the left anterior oblique angle, to acquire LVEF and left ventricular wall motionECG/Ambulatory ECG12 lead ECG or an ambulatory ECG was used for recording ST segmentsEchocardiographyTwo dimensional echocardiography was used to assess regional wall motion and LVEFDiagnostic measurementsLVEF decreaseA reduction of LVEF at least 5% or 8% during mental stress compared with rest LVEF was considered to exhibit MSIMIWMANew or worsened wall motion abnormalities during mental stress when compared with restST depressionAt least 1 mm ST segment depression by ECG or ambulatory ECGMPDA 17-segment model was used to assess the myocardial perfusion defects comparing rest and mental stress images, The following considerations could be regarded as MSIMI: a new myocardial perfusion defect with a score of 2 in any segment, or worsening of a preexisting impairment of at least 2 points in a single segment, or worsening of at least 1 point in 2 or more contiguous segments*MPD* myocardial perfusion defects, *WMA* wall motion abnormality, *LVEF* left ventricle ejection fraction, *RNV* radionuclide ventriculography, *ECG* electrocardiography, *MPD* myocardial perfusion defects, *SPECT* single photon emission computed tomography, *MSIMI* mental stress induced myocardial ischemia

Statistical analysis {#Sec8}
--------------------

Review Manager (RevMan) Version 5.3 and Stata 12.0 were adopted for data analyses. Cochran's Q-test \[[@CR14]\] and I^2^ statistic \[[@CR15]\] were used for heterogeneity. Pooled effect size was analyzed by random-effects model or fixed-effects model according to the level of heterogeneity. Random-effects model was established for significant heterogeneity (P \< 0.10 or I^2^ \> 50%), while fixed-effects model was used for non-significant heterogeneity (P \> 0.10 or I^2^ \< 50%). Meta-Regression and subgroup analysis were applied for seeking heterogeneity sources. Sensitivity analyses were performed via excluding studies one at a time \[[@CR16]\]. Publication bias was estimated by funnel plot and Begg' test \[[@CR17]\]. P values were two-sided, and P \< 0.05 was considered statistically significant.

Results {#Sec9}
=======

Prevalence of MSIMI in patients with CAD {#Sec10}
----------------------------------------

For this meta-analysis, a total number of 30,080 publications were found from the databases. After removing duplication and articles unrelated to the topic, 20 eligible articles were finally selected \[[@CR18]--[@CR37]\]. Sixteen studies came from USA, and other four came from China, Serbia, Italy, Australia respectively. The flow chart was presented in Fig. [1](#Fig1){ref-type="fig"}. This meta-analysis enrolled 3164 patients with CAD, including 902 patients with MSIMI, and 2262 patients without MSIMI. The characteristics of all the articles were presented in Table [1](#Tab1){ref-type="table"} (Fig. [1](#Fig1){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}).Fig. 1The flow diagram of meta-analysis on mental stress induced myocardial ischemia; CNKI: China National Knowledge Infrastructure

Of the 20 studies, the prevalence of MSIMI in CAD patients ranges from 11 to 61%. In this meta-analysis, the pooled estimate for the prevalence of MSIMI in CAD patients is 32% (95% CI 0.26, 0.38) (Fig. [2](#Fig2){ref-type="fig"}). We performed subgroup analyses of MSIMI prevalence, according to sex (Female 30%, Male 31%), race (White 40%, non-white 47%), smoking (Smoke+ 34%, Smoke− 31%), disease history (Hypertension+ 34%, Hypertension− 30%, Hyperlipidemia+ 36%, Hyperlipidemia− 29%, Diabetes+ 38%, Diabetes− 31%, Depression+ 56%, Depression− 31%, Post MI+ 38%, Post MI− 32%, PTCA+ 32%, PTCA− 34%, CABG+ 37%, CABG− 30%), and drug history (Aspirin+ 33%, Aspirin− 32%, Other antiplatelets+ 33%, Other antiplatelets− 32%, ACEI+ 34%, ACEI− 33%, ARB+ 35%, ARB− 29%, β-block+ 31%, β-block− 30%, CCB+ 32%, CCB− 34%, Statins+ 31%, Statins− 19%) (Table [3](#Tab3){ref-type="table"}).Fig. 2The prevalence of MSIMI in CAD patientsTable 3Prevalence of subgroups analysesSubgroupsNo. of studiesTotalMSIMIPooled prevalence(%)95%CIEffect ModelHeterogeneityTest for\
overall effectBasic characteristics Female11612162300.21, 0.39RandomTau^2^ = 0.02; Chi^2^ = 55.51, df = 10 (P \< 0.00001); I^2^ = 82%Z = 6.66 (P \< 0.00001) Male111519420310.22, 0.40RandomTau^2^ = 0.02; Chi^2^ = 148.60, df = 10 (P \< 0.00001); I^2^ = 93%Z = 7.07 (P \< 0.00001) White3440175400.35, 0.44FixChi^2^ = 1.37, df = 2 (P = 0.50); I^2^ = 0%Z = 17.02 (P \< 0.00001) Other races39645470.37, 0.57FixChi^2^ = 2.94, df = 2 (P = 0.23); I^2^ = 32%Z = 0.54 (P = 0.59) Smoke+8902256340.21, 0.46RandomTau^2^ = 0.03; Chi^2^ = 103.54, df = 7 (P \< 0.00001); I^2^ = 93%Z = 5.43 (P \< 0.00001) Smoke−8676190310.20, 0.42RandomTau^2^ = 0.02; Chi^2^ = 65.09, df = 7 (P \< 0.00001); I^2^ = 89%Z = 5.48 (P \< 0.00001) Hypertension+81211355340.23, 0.44RandomTau^2^ = 0.02; Chi^2^ = 102.11, df = 7 (P \< 0.00001); I^2^ = 93%Z = 6.25 (P \< 0.00001) Hypertension−836791300.18, 0.43RandomTau^2^ = 0.03; Chi^2^ = 52.54, df = 7 (P \< 0.00001); I^2^ = 87%Z = 4.72 (P \< 0.00001) Hyperlipidemia+ 81255381360.24, 0.47RandomTau^2^ = 0.03; Chi^2^ = 135.94, df = 7 (P \< 0.00001); I^2^ = 95%Z = 6.09 (P \< 0.00001) Hyperlipidemia−818539290.17, 0.40RandomTau^2^ = 0.01; Chi^2^ = 15.92, df = 6 (P = 0.01); I^2^ = 62%Z = 4.86 (P \< 0.00001) Diabetes+8466142380.25, 0.52RandomTau^2^ = 0.03; Chi^2^ = 63.60, df = 7 (P \< 0.00001); I^2^ = 89%Z = 5.54 (P \< 0.00001) Diabetes−81112304310.20, 0.42RandomTau^2^ = 0.02; Chi^2^ = 113.93, df = 7 (P \< 0.00001); I^2^ = 94%Z = 5.58 (P \< 0.00001) Depression+27128560.15, 2.08RandomTau^2^ = 0.75; Chi^2^ = 5.93, df = 1 (P = 0.01); I^2^ = 83%Z = 0.87 (P = 0.39) Depression−2318122310.07, 0.54RandomTau^2^ = 0.03; Chi^2^ = 15.40, df = 1 (P \< 0.0001); I^2^ = 94%Z = 2.58 (P = 0.010) Post MI+5585189380.21, 0.55RandomTau^2^ = 0.03; Chi^2^ = 78.29, df = 4 (P \< 0.00001); I^2^ = 95%Z = 4.43 (P \< 0.00001) Post MI−5760189320.17, 0.46RandomTau^2^ = 0.02; Chi^2^ = 62.36, df = 4 (P \< 0.00001); I^2^ = 94%Z = 4.36 (P \< 0.0001) PTCA+3633168320.11, 0.53RandomTau^2^ = 0.03; Chi^2^ = 59.22, df = 2 (P \< 0.00001); I^2^ = 97%Z = 2.97 (P = 0.003) PTCA−3495136340.14, 0.54RandomTau^2^ = 0.03; Chi2 = 37.29, df = 2 (P \< 0.00001); I^2^ = 95%Z = 3.40 (P = 0.0007) CABG+3432148370.21, 0.54RandomTau^2^ = 0.02; Chi^2^ = 22.92, df = 2 (P \< 0.00001); I^2^ = 91%Z = 4.57 (P \< 0.00001) CABG−3696156300.08, 0.52RandomTau^2^ = 0.04; Chi^2^ = 70.62, df = 2 (P \< 0.00001); I^2^ = 97%Z = 2.67 (P = 0.008) Aspirin+51081298330.18, 0.48RandomTau^2^ = 0.03; Chi^2^ = 91.34, df = 4 (P \< 0.00001); I^2^ = 96%Z = 4.34 (P \< 0.0001) Aspirin−519858320.20, 0.45RandomTau^2^ = 0.01; Chi^2^ = 12.74, df = 4 (P = 0.01); I^2^ = 69%Z = 5.08 (P \< 0.00001) Other antiplatelets+3396117330.11, 0.55RandomTau^2^ = 0.04; Chi^2^ = 38.94, df = 2 (P \< 0.00001); I^2^ = 95%Z = 2.96 (P = 0.003) Other antiplatelets−3732187320.12, 0.51RandomTau^2^ = 0.03; Chi^2^ = 59.37, df = 2 (P \< 0.00001); I^2^ = 97%Z = 3.19 (P = 0.001) ACEI+5658201340.21, 0.47RandomTau^2^ = 0.02; Chi^2^ = 42.57, df = 4 (P \< 0.00001); I^2^ = 91%Z = 5.24 (P \< 0.00001) ACEI−5621155330.17, 0.49RandomTau^2^ = 0.03; Chi^2^ = 58.21, df = 4 (P \< 0.00001); I^2^ = 93%Z = 4.03 (P \< 0.0001) ARB+21493835− 0.08, 0.78RandomTau^2^ = 0.09; Chi^2^ = 26.62, df = 1 (P \< 0.00001); I^2^ = 96%Z = 1.61 (P = 0.11) ARB−2818202290.04, 0.54RandomTau^2^ = 0.03; Chi^2^ = 54.50, df = 1 (P \< 0.00001); I^2^ = 98%Z = 2.30 (P = 0.02) β-block+61086301310.19, 0.42RandomTau^2^ = 0.02; Chi^2^ = 85.31, df = 5 (P \< 0.00001); I^2^ = 94%Z = 5.01 (P \< 0.00001) β-block−633181300.19, 0.41RandomTau^2^ = 0.01; Chi^2^ = 20.32, df = 5 (P = 0.001); I^2^ = 75%Z = 5.31 (P \< 0.00001) CCB+416556320.20, 0.43RandomTau^2^ = 0.01; Chi^2^ = 7.26, df = 3 (P = 0.06); I^2^ = 59%Z = 5.49 (P \< 0.00001) CCB−4509190340.21, 0.47RandomTau^2^ = 0.02; Chi^2^ = 28.66, df = 3 (P \< 0.00001); I^2^ = 90%Z = 5.16 (P \< 0.00001) Statins+61236344310.19, 0.43RandomTau^2^ = 0.02; Chi^2^ = 96.14, df = 5 (P \< 0.00001); I^2^ = 95%Z = 5.10 (P \< 0.00001) Statins−618138190.14, 0.25FixChi^2^ = 8.00, df = 5 (P = 0.16); I^2^ = 38%Z = 6.77 (P \< 0.00001)Country USA162857814330.26, 0.40RandomTau^2^ = 0.02; Chi^2^ = 258.05, df = 15 (P \< 0.00001); I^2^ = 94%Z = 9.60 (P \< 0.00001) Other countries430788270.08, 0.46RandomTau^2^ = 0.04; Chi^2^ = 54.00, df = 3 (P \< 0.00001); I^2^ = 94%Z = 2.78 (P = 0.005)Test for subgroup differences: Chi^2^ = 0.29, df = 1 (P = 0.59), I^2^ = 0%Mental stress (MS) Public speaking61606314220.17, 0.28RandomTau^2^ = 0.00; Chi^2^ = 34.85, df = 5 (P \< 0.00001); I^2^ = 86%Z = 7.95 (P \< 0.00001) Mental arithmetic3354100260.12, 0.40RandomTau^2^ = 0.01; Chi^2^ = 19.63, df = 2 (P \< 0.0001); I^2^ = 90%Z = 8.86 (P \< 0.00001) Anger recall215152340.27, 0.42FixChi^2^ = 0.23, df = 1 (P = 0.63); I^2^ = 0% Two MS5536196370.23, 0.51RandomTau^2^ = 0.02; Chi^2^ = 50.67, df = 4 (P \< 0.00001); I^2^ = 92%Z = 5.12 (P \< 0.00001) Three or more than three MS4517240430.24, 0.61RandomTau^2^ = 0.03; Chi^2^ = 51.27, df = 3 (P \< 0.00001); I^2^ = 94%Z = 4.51 (P \< 0.00001)Test for subgroup differences: Chi^2^ = 11.21, df = 4 (P = 0.02), I^2^ = 64.3%Diagnostic techniques SPECT91893417260.20, 0.32RandomTau^2^ = 0.01; Chi^2^ = 70.54, df = 8 (P \< 0.00001); I^2^ = 89%Z = 8.68 (P \< 0.00001) RNV21774938− 0.01, 0.78RandomTau^2^ = 0.08; Chi^2^ = 22.05, df = 1 (P \< 0.00001); I^2^ = 95%Z = 1.90 (P = 0.06) ECG214624160.10, 0.22FixChi^2^ = 1.03, df = 1 (P = 0.31); I^2^ = 3%Z = 5.33 (P \< 0.00001) Echocardiography3468198410.21, 0.61RandomTau^2^ = 0.03; Chi^2^ = 37.63, df = 2 (P \< 0.00001); I^2^ = 95%Z = 3.97 (P \< 0.0001) Two types of diagnostic technique4480214430.33, 0.54RandomTau^2^ = 0.01; Chi^2^ = 16.19, df = 3 (P = 0.001); I^2^ = 81%Z = 8.15 (P \< 0.00001)Test for subgroup differences: Chi^2^ = 23.61, df = 4 (P \< 0.0001), I^2^ = 83.1%Myocardial ischemia measurements LVEF decrease222042190.14, 0.24FixChi^2^ = 0.02, df = 1 (P = 0.90); I^2^ = 0%Z = 7.22 (P \< 0.00001) WMA319799510.34, 0.69RandomTau^2^ = 0.02; Chi^2^ = 12.46, df = 2 (P = 0.002); I^2^ = 84%Z = 5.78 (P \< 0.00001) ST depression214624160.10, 0.22FixChi^2^ = 1.03, df = 1 (P = 0.31); I^2^ = 3%Z = 5.33 (P \< 0.00001) MPD91893417260.20, 0.32RandomTau^2^ = 0.01; Chi^2^ = 70.54, df = 8 (P \< 0.00001); I^2^ = 89%Z = 8.68 (P \< 0.00001) Two or more than two measurements4454216450.37, 0.53RandomTau^2^ = 0.01; Chi^2^ = 13.32, df = 3 (P = 0.004); I^2^ = 77%Z = 11.07 (P \< 0.00001)Test for subgroup differences: Chi^2^ = 47.23, df = 4 (P \< 0.00001), I^2^ = 91.5%*MSIMI* mental stress induced myocardial ischemia, *MI* myocardial infarction, *PTCA* percutaneous coronary angioplasty, *CABG* coronary artery bypass graft, *ACEI* angiotensin converting enzyme inhibitor, *ARB* angiotensin receptor block, *CCB* calcium-channel blocker, *MS* mental stress, *SPECT* single photon emission computed tomography, *RNV* radionuclide ventriculography, *ECG* electrocardiography, *VEST* ventricular function monitor, *LVEF* left ventricle ejection fraction, *WMA* wall motion abnormality, *WMA* wall motion abnormality, *MPD* myocardial perfusion defects

Potential associated factors of MSIMI {#Sec11}
-------------------------------------

### History of post MI {#Sec12}

Five articles \[[@CR19], [@CR22], [@CR25], [@CR31], [@CR33]\] were selected in the subgroup comparison of post MI history, including 585 patients with post MI and 760 without. Difference of MSIMI was found between patients with post MI and patients without (RR: 1.29, 95% CI 1.00--1.66, P = 0.05). This result indicated that patients with post MI history might be at higher risk of MSIMI (Fig. [3](#Fig3){ref-type="fig"}a, Table [4](#Tab4){ref-type="table"}).Fig. 3Associated factors of MSIMI; A) The comparison of MSIMI between patients with or without history of post MI; B) The comparison of MSIMI between patients with or without history of CABGTable 4Subgroup comparisons results of the meta-analysisNo.ComparisonStudies (n)Sample sizeEffect ModelRR/MD/SMDHeterogeneityTest for\
overall effect1Female vs. male112131Fix1.17 \[0.93, 1.48\]Chi^2^ = 14.36, df = 10 (P = 0.16); I^2^ = 30%Z = 1.35 (P = 0.18)2White vs. other races3536Fix0.75 \[0.48, 1.17\]Chi^2^ = 1.32, df = 2 (P = 0.52); I^2^ = 0%Z = 1.26 (P = 0.21)3Smoke+ vs. Smoke−81578Fix1.10 \[0.86, 1.40\]Chi^2^ = 8.85, df = 7 (P = 0.26); I^2^ = 21%Z = 0.72 (P = 0.47)4Hypertension+ vs. Hypertension−81578Fix1.07 \[0.80, 1.42\]Chi^2^ = 5.33, df = 7 (P = 0.62); I^2^ = 0%Z = 0.43 (P = 0.66)5Hyperlipidemia+vs. Hyperlipidemia−81572Fix1.13 \[0.80, 1.60\]Chi^2^ = 3.67, df = 7 (P = 0.82); I^2^ = 0%Z = 0.70 (P = 0.48)6Diabetes+ vs. Diabetes−81578Fix1.26 \[0.98, 1.62\]Chi^2^ = 12.07, df = 7 (P = 0.10); I^2^ = 42%Z = 1.83 (P = 0.07)7Depression+ vs. Depression−2389Fix1.36 \[0.78, 2.39\]Chi^2^ = 0.06, df = 1 (P = 0.80); I^2^ = 0%Z = 1.09 (P = 0.28)8Post MI+ vs. Post MI−51345Fix1.29 \[1.00, 1.66\]Chi^2^ = 1.85, df = 4 (P = 0.76); I^2^ = 0%Z = 1.95 (P = 0.05)9PTCA+ vs. PTCA−31128Fix0.88 \[0.67, 1.16\]Chi^2^ = 0.53, df = 2 (P = 0.77); I^2^ = 0%Z = 0.90 (P = 0.37)10CABG+ vs. CABG−31128Random1.59 \[1.00, 2.52\]Tau^2^ = 0.10; Chi^2^ = 5.18, df = 2 (P = 0.07); I^2^ = 61%Z = 1.98 (P = 0.05)11Aspirn+ vs. Aspirin−51279Fix0.93 \[0.65, 1.34\]Chi^2^ = 0.34, df = 4 (P = 0.99); I^2^ = 0%Z = 0.36 (P = 0.72)12Other antiplatelet agent+& Other antiplatelet agent−31128Fix1.21 \[0.91, 1.61\]Chi^2^ = 1.94, df = 2 (P = 0.38); I^2^ = 0%Z = 1.29 (P = 0.20)13ACEI+ vs. ACEI−51279Fix1.13 \[0.87, 1.46\]Chi^2^ = 2.12, df = 4 (P = 0.71); I^2^ = 0%Z = 0.92 (P = 0.36)14ARB+ vs. ARB−2967Random1.22 \[0.53, 2.82\]Tau^2^ = 0.26; Chi^2^ = 3.53, df = 1 (P = 0.06); I^2^ = 72%Z = 0.46 (P = 0.64)15Beta-block+ vs. Beta-block−61417Fix1.05 \[0.78, 1.41\]Chi^2^ = 2.50, df = 5 (P = 0.78); I^2^ = 0%Z = 0.32 (P = 0.75)16CCB+ vs. CCB−4674Fix0.84 \[0.58, 1.22\]Chi^2^ = 0.78, df = 3 (P = 0.85); I^2^ = 0%Z = 0.92 (P = 0.36)17Statin+ vs. Statin−61417Fix1.18 \[0.80, 1.75\]Chi^2^ = 4.30, df = 5 (P = 0.51); I^2^ = 0%Z = 0.83 (P = 0.40)*ACEI* angiotensin converting enzyme inhibitor, *ARB* angiotensin receptor block, *CCB* calcium-channel blocker, *MI* myocardial ischemia

### History of CABG {#Sec13}

Three articles \[[@CR22], [@CR25], [@CR42]\] were selected in the subgroup comparison of history of CABG, including 432 patients with CABG history and 696 patients without. Difference of MSIMI was found between patients with CABG and patients without (RR: 1.59, 95% CI 1.00--2.52, P = 0.05), indicating that patients with history of CABG might be at higher risk of developing MSIMI (Fig. [3](#Fig3){ref-type="fig"}b, Table [4](#Tab4){ref-type="table"}).

### History of diabetes {#Sec14}

Eight articles \[[@CR19], [@CR20], [@CR22], [@CR25], [@CR28], [@CR29], [@CR31], [@CR33]\] were selected in the subgroup comparison of history of diabetes, including 608 patients with diabetes history and 1416 patients without. Although no significant difference was found (RR: 1.26, 95% CI 0.98--1.62, P = 0.07), we still considered the potential risk of diabetes in MSIMI due to its impact in coronary artery disease.

### Other characteristics {#Sec15}

Other characteristics were also conducted in this meta-analysis including sex (RR: 1.17, 95% CI 0.93--1.48, P = 0.18), race (RR: 0.75, 95% CI 0.48--1.17, P = 0.21), smoking (RR: 1.10, 95% CI 0.86--1.40, P = 0.47), hypertension (RR: 1.07, 95% CI 0.80--1.42, P = 0.66), hyperlipidemia (RR: 1.13, 95% CI 0.80--1.60, P = 0.48), PTCA (RR: 0.88, 95% CI 0.67--1.16, P = 0.37), depression (RR: 1.36, 95% CI 0.78--2.39, P = 0.28), drug history such as aspirin (RR: 0.93, 95% CI 0.65--1.34, P = 0.72), other antiplatelets (RR: 1.21, 95% CI 0.91--1.61, P = 0.20), ACEI (RR: 1.13, 95% CI 0.87--1.46, P = 0.36), ARB (RR: 1.22, 95% CI 0.53--2.82, P = 0.64), β-block (RR: 1.05, 95% CI 0.78--1.41, P = 0.75), CCB (RR: 0.84, 95% CI 0.58--1.22, P = 0.36), statins (RR: 1.18, 95% CI 0.80--1.75, P = 0.40), and no significant difference was found (Table [4](#Tab4){ref-type="table"}).

Diagnostic methods of MSIMI {#Sec16}
---------------------------

There were significant differences in the prevalence of MSIMI in different types of mental stress, diagnostic techniques, and diagnostic measurements. The prevalence of MSIMI detected by Public Speaking was 22%, Mental arithmetic was 26%, Anger recall was 34%, Two types was 37%, three or more than three types was 43%, and the result was significant (P = 0.02). The results indicated that two and more than two types of mental stress could be more likely to induce MSIMI. The prevalence of MSIMI detected by different types of diagnostic techniques and diagnostic measurements showed significant difference (Table [3](#Tab3){ref-type="table"}, Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}).Fig. 4The prevalence of MSIMI by different types of mental stressFig. 5The prevalence of MSIMI by different types of diagnostic techniquesFig. 6The prevalence of MSIMI by different types of diagnostic measurements

Meta-regression was performed to identify the potential moderators in the prevalence of MSIMI, including publication date, sample size, country, different types of mental stress, different types of diagnostic techniques, and different types of myocardial ischemia measurements (Tables [3](#Tab3){ref-type="table"} and [5](#Tab5){ref-type="table"}).Table 5Univariate and multivariate meta-regression analyses of potential sources of heterogeneityHeterogeneity Factorsexp(b)SEtP95% CItau^2^I-squared_resAdj R-squaredUnivariate Publication year0.99770.0038− 0.610.5490.9896, 1.00580.021693.69%− 4.07% Sample size0.99960.0002− 1.290.2150.9992, 1.00020.020092.70%3.56% Country0.94330.0815− 0.680.5080.7867, 1.13110.021494.23%− 3.41% Mental stress1.05080.02012.590.0181.0094, 1.09380.015188.73%26.96% Diagnostic techniques1.03950.02002.010.0600.9983, 1.08250.01789.82%17.71% Diagnostic measurements1.01870.02820.670.5120.9611, 1.07970.021293.95%− 2.46%Multivariate0.015187.62%26.97% Mental stress1.04330.02601.700.1080.9896, 1.0999 Diagnostic techniques1.01450.02390.610.5510.9650, 1.0665 Diagnostic measurements1.02630.02501.070.3020.9747, 1.0807

On univariate meta-regression, types of mental stress (exp(b): 1.0508, SE: 0.0201, P: 0.018) were associated with the prevalence of MSIMI, while no significance was found in other factors including publication year (exp(b): 0.9977, SE: 0.0038, P: 0.549), sample size (exp(b): 0.9996, SE: 0.0002, P: 0.215), country (exp(b): 0.9433, SE: 0.0815, P: 0.508), diagnostic techniques (exp(b): 1.0395, SE: 0.0200, P: 0.060) and diagnostic measurements (exp(b): 1.0187, SE: 0.0282, P: 0.512). Therefore, different types of mental stress might contribute to the prevalence of MSIMI.

Multivariate meta-regression was performed including mental stress, diagnostic technique, and diagnostic criteria. No significant difference was found: mental stress (exp(b): 1.0433, SE: 0.0260, P: 0.108), diagnostic techniques (exp(b): 1.0145, SE: 0.0239, P: 0.551), diagnostic measurements (exp(b): 1.0263, SE: 0.0250, P: 0.302) (Table [5](#Tab5){ref-type="table"}).

Our results indicated that different types of mental stress might influence the prevalence of MSIMI in CAD patients.

Comparisons of different diagnostic techniques {#Sec17}
----------------------------------------------

In all twenty selected articles, there were four articles indicating that different diagnostic techniques might lead to different prevalence of MSIMI in the same population. Two articles compared SPECT and PAT (peripheral arterial tonometry) which was not recognized as a standard criterion. In Burg's study, the prevalence of MSIMI was 32.35% by SPECT, and 42.65% by PAT, while only 19.12% by both. The area under the curve (AUC) was 0.613 (SE, 0.065, one-sided P = 0.04). In Hassan's study, when comparing SPECT and PAT, the area under the curve (AUC) was 0.59 (95% CI 0.48--0.69, P = 0.116). In addition, Carels' study showed that the prevalence of MSIMI was 33.09% by RNV, and 44.12% by ambulatory ECG, while only 19.2% by both. Krantz's study showed that the prevalence of MSIMI was 55.7% by RNV, and 57% by echocardiography (Table [6](#Tab6){ref-type="table"}).Table 6Comparisons of different diagnostic techniquesNo.First authorPublication dataSample\
sizeMental stressFirst DTMSIMISecond DTMSIMICombined techniquesROC curve1Burg200968Ager recallSPECT22 (32.35%)PAT29 (42.65%)13 (19.12%)AUC: 0.613 (SE, 0.065, one-sided P = 0.04)2Carels1999136Mental arithmetic Public speakingMirror tracingReadingType A structured interviewRNV45 (33.09%)Ambulatory ECG60 (44.12%)26 (19.2%)--3Hassan2009211Public speakingSPECT34 (16.11%)PAT----AUC: 0.59; 95% CI 0.48--0.69, P = 0.1164Krantz199979Mental arithmetic public speechRNV44 (55.7%)Echocardiography45 (57%)----*ECG* electrocardiogram, *SPECT* single photon emission computed tomography, *RNV* radionuclide ventriculography, *PAT* peripheral arterial tonometry

Sensitivity analysis {#Sec18}
--------------------

We performed sensitivity analysis by Stata 12.0, excluding a single study each time to detect the influence of individual dataset on pooled ESs. The results demonstrated that no significant change was found after omitting any of the study (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7Sensitivity analysis on this meta-analysis

Publication bias {#Sec19}
----------------

Publication bias was detected by funnel plot and modified Begg' test. The funnel plot was symmetric and the Begg' test presented no significant publication bias in this meta-analysis (Z = 1.69, P \> 0.05) (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8Funnel plot of this meta-analysis

Discussion {#Sec20}
==========

In this meta-analysis, the pooled estimated prevalence of MSIMI in CAD patients was as high as 32%. Consequently, it attracted our attentions to summarize the related factors and diagnostic methods of MSIMI in CAD patients to better understand the MSIMI assessment. To the best of our knowledge, this is the first meta-analysis concentrated on this topic.

Associated factors of MSIMI {#Sec21}
---------------------------

Subgroups analyses elucidated that CAD patients with history of diabetes, or post MI, or CABG might be associated with a higher risk of MSIMI, though the statistical analysis was not significant enough. Diabetes is considered as a risk factor of CAD, due to the dysfunction of micro- and macro- vascular damaged by hyperglycemia \[[@CR38]\] via inflammation pathway. The sudden mental stress results in the lack of blood flow and oxygen, and thus causes myocardial ischemia \[[@CR9]\]. Patients with diabetes, or post MI, or CABG, have worse cardiac conditions because of existing cardiac cell damage and microvascular dysfunction. Therefore, they are more vulnerable to myocardial ischemia when mental stress occurs.

Our results indicated that there was no significant difference of developing MSIMI between females and males, and between patients with depression and without. The results in this meta-analysis were different from some individual studies.

Vaccarino et al. \[[@CR35]\] elucidated that young women with CHD were more likely to develop MSIMI, which was almost fourfold higher than men. Another study of Vaccarino reported similar conclusions that mechanisms in MSIMI could be different in females and males, and the higher morbidity of MSIMI in females might be related with the microcirculatory dysfunction. Samad et al. \[[@CR39]\] suggested that the higher morbidity of MSIMI in females might be associated with platelet activity. To our surprise, our results in the present study did not suggest sex as a significant risk factor. This inconsistency might be due to: (1) the different samples and proportion of females and males in each study; (2) the studies were from different regions. More original researches should be done to further study the relationship between sex and MSIMI.

Depression is an independent risk factor of cardiovascular diseases \[[@CR40]\]. Jiang et al. \[[@CR7]\] suggested that patients with mild to moderate depressive symptoms were at higher risk of MSIMI. In this research, depression was assessed by Center for Epidemiological Studies-Depression scale (CES-D). However, only four articles mentioning depression were included in the present meta-analysis, and no significant importance was found in depression as a risk factor for MSIMI.

In addition, anger \[[@CR5]\], sever left ventricular dysfunction, and anxiety \[[@CR6]\] have been considered as severe factors in MSIMI, but the evidence is not enough.

Diagnostic methods of MSIMI {#Sec22}
---------------------------

We found significant differences in MSIMI prevalence detected by different mental stress, diagnostic techniques and diagnostic measurement. Univariate meta-regression elucidated the potential link between types of mental stress and MSIMI. We postulated some potential reasons for this association. First, the activation of different signal pathway may lead to different consequences. The mechanism of MSIMI involves the strong interaction between heart and the brain. Mental stress can activate hypothalamic pituitary adrenocortical axis, sympathetic nervous system, adrenomedullar hormonal system, and parasympathemic nervous system via releasing different hormones or neurotransmitters which can have different impact. Second, individual differences may play an important role. In Table [1](#Tab1){ref-type="table"}, we described the types of mental stress in all the included studies. The common types involve mental arithmetic, anger call, public speech, mirror trace, Stroop color-word test et al. We found that the prevalence of MSIMI induced by one type of mental stress was 22--34%, two types of mental stress was 37%, and three types yield 43% (Table [3](#Tab3){ref-type="table"}). According to our own clinical observations, trace mirror seemed to be a pleasure rather than emotional stress for those who are good at designing or drawing, while mental arithmetic could be a serious stress to them for most of them are afraid of mathematics; vise verse for those who are skilled at mental arithmetic. The phenomenon implied that we should consider individual differences in the consequence caused by different types of mental stress task, which is consistent with Bremner et al's study. Bremner \[[@CR41]\] conducted a study with the intent of revealing the association between brain and MSIMI. It was found that mental arithmetic was associated with left insula activation, while public speaking was associated with right pre/post-central gyrus and middle temporal gyrus activation. In the context of MSIMI, different types of mental stress might active or deactivate different brain regions, which would promote or inhibit cardiac responses. Therefore, we suggest that researchers should consider individual differences in different types of mental stress task while assessing MSIMI, and make a standard together. In our opinion, two different types of mental stress tasks would be better to diagnose MSIMI for the reason that one type might not be eligible to provoke MSIMI, while more than two types might be time and economic consuming.

In addition, we took diagnostic techniques as a pivotal factor in diagnosing MSIMI. As Table [3](#Tab3){ref-type="table"} showed that the prevalence of MSIMI diagnosed by SPECT was 26%, ECG yielded 16%, while echocardiography yielded 41%, RNV yields 38%. SPECT is a direct way to observe myocardial ischemia via myocardial perfusion defects, demonstrating its vital role in diagnosing MSIMI. Good reproducibility of SPECT has also been identified \[[@CR42]\]. However, some patients with MSIMI assessed by echocardiography might be missed.

ECG is a convenient technique, but it is been proved not sensitive enough for MSIMI \[[@CR36]\]. Jiang et al. \[[@CR25]\] investigated both ECG and echocardiography in distinguishing MSIMI, while no myocardial ischemia was discovered by ECG. Therefore, the false negative of ECG presented low prevalence of MSIMI.

Echocardiography is economical and practical in clinical practice, which could detect LVEF response and wall motion during mental stress simultaneously. Though LVEF decrease could result from myocardial ischemia induced by mental stress and also be consistent with SPECT \[[@CR43]\], LVEF response is also influenced by hemodynamics and the basic left ventricular function \[[@CR18]\]. Therefore, echocardiography is likely to generate false positive results.

Peripheral arterial tonometry (PAT) is applied to assess microcirculation dysfunction, which is expected to detect myocardial ischemia induced by mental stress. CAD patients with MSIMI have lower PAT ratio according to the studies comparing SPECT and PAT. Some researchers suggested that PAT might have similar detection efficiency compared to SPECT and RNV \[[@CR20], [@CR44]\], and more researches remain to further explore the potential role of PAT in detecting MSIMI and make it standardized.

Additionally, increasing researches have been focused on biomarkers that are convenient to achieve and assess, such as neurotransmitters (e.g. epinephrine, norepinephrine \[[@CR45]\]), blood coagulation factors (e.g. fibrinogen \[[@CR46]\]), cardiac biomarkers (e.g. cTnI \[[@CR11]\], cTnT \[[@CR46]\]), and inflammatory factors (e.g. IL-6 \[[@CR47]\], CRP \[[@CR29]\]). These biomarkers are considered to the mechanisms of MSIMI. Consequently, there is bright future in discovering biomarkers for developing economic diagnostic methods of MSIMI.

Conclusions {#Sec23}
===========

In conclusion, the pooled prevalence of MSIMI in CAD patients is 32%. The present meta-analysis implicates that patients with diabetes, or post MI or CABG are more vulnerable to develop MSIMI and different types of mental stress and diagnostic techniques might influence the prevalence of MSIMI. Therefore, it is necessary to formulate a standard diagnostic method for MSIMI, which should be adequate, assessable, and affordable all around world.

MSIMI

:   Mental stress induced myocardial ischemia

CAD

:   Coronary artery diseases

MI

:   Myocardial infarction

LVEF

:   Left ventricular ejection fraction

WMA

:   Wall motion abnormality

ECG

:   Electrocardiogram

RNV

:   Radionuclide ventriculography

PTCA

:   Percutaneous coronary angioplasty

CABG

:   Coronary artery bypass graft

ACEI

:   Angiotensin converting enzyme inhibitor

ARB

:   Angiotensin receptor block

CCB

:   Calcium-channel blocker

CVD

:   Cardiovascular diseases

SPECT

:   Single photonemission computed tomography

MPD

:   Myocardial perfusion defects

PAT

:   Peripheral arterial tonometry

CNKI

:   China National Knowledge Infrastructure

NOS

:   Newcastle--Ottawa Scale

CES-D

:   Center for Epidemiological Studies-Depression scale

HPA

:   Hypothalamic pituitary adrenal
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